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An analyEiswasmade

D.PrianandIbndd J.Michel

of theflowintherotati?wpassagesofa 48-
inchdiameterradial-inlet‘centrifugalimpellerata tipspeedof700
feetpersecondtiordertoprovidemoreknowledgeontheflowcondi-
tionswithinthe@peller.

Thisanalysisindicatedthattheregionoflowefficiencygener-
allyexistedalongthetrailingfaceasa resultofa conibinationof
shiftingoflowenqg ah towardthetrailingfaceandlossesarising
fromthedecelerationsalongthetrailingface.

Becauseof comparativelyI.argeviscouslossesalongthetrailimg
face,andwithunloadingoftheblades,thevelocityatthedriving
facetipwashigherthanatthetrailingfacetip. Thisvelocity
differencewouldbe expectedtoresultinmixinnlossesupondiffusion
oftheair. Theexperimentalandtheoreticaldistributionsoftorque
onthebladeswereap~o~tely thesame.Thetheoreticallypredicted
eddyonthedrivingfacewasnotfoundexperimentally.Themodifica-
tionofthetheoretical.entranceangleofflowforthefirst15percent
ofthepassagegavefairagreementbetweenthetheoreticalandexperi-
mentalstatic’pressuresat off-designconditionsexceptforthe~
flowconditions.

lilT130DUCTION

fkWses of Centrifugal-compressor performancee havebeenlimitedby
lackofImuwledgeof detailedflowconditionswithintherotatingpas- ~
sageandby lackofrapidtheoreticalmethodsofanalysis.Somerigor-.
cm theoreticalmethodsof compresscma-is havebeen*velopedfor .
two-dimeni+nd, nonviscous,c-&qmessibleflowfcm
(references1 and2). However,thegeneraluseof!-

1

I

specificbla-&shapes
thesemethodshas
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notbeenfoundfeasiblebecauseoftheextremelytediousandlaborious
manualcalculatingtechniquesinvolvedintheapplicationofthemethods ,.,+

tobladesofarbitraryshape.Recently,severalrapidtheoretical
methodsofanalysishavebeenproposedandinvestigated.Oneofthese,
a simplifiedtheoryfortwo-dimensional,nonviscous,compressibleflow, I
was developedinreference3.

s’

Successful experimentaldeterminationofflowconditionswithinthe RI
rotatingpassages;f a 48-inchradialimpelleroperatingata lowtip
speedhasbeenaccomplishedrecentlyattheNICALewislaboratoryandis
reportedinreference4. Therapidmethodofanalysisdevelopedin
reference3 hasbeena@liedtothisimpelleratweightflowsforwhich
experimentaldata~e availableandtheresultsoftheanalysisarepre-
sentedhereti.

Becauseofthecomplicatedviscouseffectsassociatedwithcom-
pressorswhichcannotyetbepredictedtheoretically,exactagreement
betweentheoreticalandexperimentalflowcannotbe expected.However,
trendspredictedbythetheoreticalanalysisareexpectedto showup in .
theexperimentaldata.A comparisonofthesetrendsanda studyofthe
variationinflowconditiontietoviscouseffectsarepresentedinan
attempttoprovidemoreknowledgeonflowconditionswithintherotating .

hmpel.lerpassage.

APPMWI’U3MDPROCEDURE

Theimpellerandcomgmessorover-allinstrumentationusedinthe
experimentalinvestigationaredescribedinreference4. TableI gives
thepertinentbladedatafortheimpeller.Thebladethicknesswas cor-

rectedtoaccountforthedifferenceinbladeareaaboveandbelowthe
meanheight.Hencetheactualpassageareaatanyradiusmaybe com-
putedfromthebladeheightandcorrectedthicknesswithoutconsidera-
tionofbladetaper(fig.3{b)).Theimpellerinstallationisshownin
figure1. Inadditiontothepreviouslydescribedinstruments(refer-

9
ence4),t e totalpressureandtemperatureWeremeasuredinthedif-
fuserat12impellerradiuspositionnearthediffusertipinthree

peripheralpositions.Fourprobecalibratedrakeswereusedtomeasure
thepressureandtemperature.

Theinstrumentlocationsareshowninfigure2. Thestaticand
totalpressureprobesusedfordeterminingtheexperimentalvelocities
d.OIlgthebladesurfacesarelocatedongeometricstrea~ines1 and9
ratherthanontheblades.Theinstrumentsandthepressuretransfer
devicearefullydescribedinreference4.

Theoperatingprocedurewasthesameasthatreportedinrefer-
ence4.
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COMPVIYJTIONAL

Therapidapproximatemethodof

3
/

PRcnEDuEws
determiningvelocitieson impeller

bladesdevelopedinreference3 wasadaptedandmodifiedto applyto the
E 48-inchradial-inletcentrifugalimpellerwithoutchangingthebasic
2 assumptionsofthemethod.

Theequationsfordeterminingthevelocitiesonthebladesurfaces
aredevelopedinreference3. Theequationsusedhereinfortheblade
surfacevelocitiesare:

(1)

.

.

h

(2)

(AllsymbolsaredefinedinappendixA.) Equation(1)resultsdirectly
fromtheequation(16)ofreference3 fora constant-thicknessradial-
fbw blade.Thevelocity~v isbasedonthecontinuityandenergy
considerationsandcanbe,calculatedby thesimultaneoussolutionof
thefollowingequations(modifiedfromreference3):

(3)

inwhichAw istheincrementalflowratethroughthepassagebetween
twobladesand (Aa)Tistheincrementalflowarea(betweenthetwo

blades)normaltothevelocity~v attheimpellertip.
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In equation(1)theterm
takingintoaccountthelarge

IiACA-TN25S4
.

RAe representsthenetpassagearea,
filletonthetrailingfaceoftheblade.

Thebladeanglesofboththedrivingandtrailingfaceswerea~rod-
matel.yequalexceptfora smallportionoftheentrancesection
(fig.3(a)) sothedriving-facebladeanglewasusedinequation(1).
Thevelocityprofilewasalterednearthetipto takeintoaccountthe
slipfactorby themethodpresentedinreference3. Theslipfactor
usedinthecomputationswasthatexperimental.ly,determinedforeach
weightflowconsideredandforthisimpellerbecameeffectivegradually
statingat R = 0.7821.

Thetheoreticalstaticpressurewasdeterminedbyuseof-equation
(24)ofreference3:

%={+q%f-Qy , (5)

thelastterm (-2~U) inequation(24)isdroppedoutsinceAU = O
(~ iswhhl ratio).

Thetheoreticalisentropictotalpressurewasdeterminedfrom;he
expression:

Theexpressionforthe

Tad=

relativeadiabaticefficiencyT_=

2gJ~To[;~-]

.0

(6)

‘ua

(7)

Qevelopedinreference4.

Theexperimentalvelocitieswereobtainedbyusingtheexpression:

(8)

I
I

.
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Thevelocityratio Q isthencomputedas
t putedvelocityto theabsolutesta~tion speed
I impellerentrance.Thecompletedevelopmentof

appendixB.

5

theratioofthecom-
ofsoundupstieamofthe
equation(8)isgivenin

N(JJ
4
a

*

!,

.

Intheexpression(8)forvelocityatanypointy~tbintheimpeller,

()
Pythevelocityisprimarilydependentontheratio; .Thus~ a small. ;

error inthevalueof Y or p givesa largee&& inthevalueof q
whentheratioP/p issmall.Forexample,whenthevalueof Q is
oftheorderof0.10,anerrorof~.5 percent(experimentalerror)in
bothtotaland@taticpressuresgivesanerrorinvelocityratioof
ap~oximately50percent.However,at Q = 0.50,thesamepressme
errorgivesa velocityerrorofonly3 percent.Forthisrbason,the
velocitiesinthelowrangecanbeconsideredonlygyalitativelyand
onlythetrendscanbe considered.

Foreachweightflowcondition,theaverageangleofattackatthe
inletwascomputedfromtheexperimentalrelativevelocityatthecen-
terofthepassagebetweentheblades.Thisangleofattackwasthen
fairedinwiththegeometricbladeangleoverthefirstM percentof
thepassageinapplyingthesimplifiedanalysismethodofreference3.

Comparisonoftheexperhmntalangleofattackofzerowitha
theoreticalangleofattackbasedon isentropicflowconditionsindi-
catedthata correctionfortheinletareashouldbemade. Theareaof
thebladeissubstractedfromtheareaoftheannmlusincomputingthe
angleofattackatthebladeimlet.At anglesofattqckotherthan
zero,theexperimentallyobservedangleofattackwasapproximately
one-halfthetheoreticalvalueaftertheareacorrectionwasmade.

Theangleofattackisconsideredtobe zerowhentheflowangle
oftheairisequaltothebladeangle ~ as shownin$igme 3(a).
Fora flowangleoftheairgreaterthanthebladeangletheangleof
attackispositive.Conversely,fora flowangleoftheairlessthan
thebladeangletheangleofattackisnegative.

RESUGTSANIlDISCUSSION

ImpellerandDiffuserPerformance

ThevariationoftheadiabaticWfiCiOnCy ~ad atthe~s~
W@exitwiththecorrectedweightflow ~ isshowninfigure4. The

efficiencyof0.80,whichoccurredata weightflowof26.25poundsper
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second,appearstobe thepeak.Thispeak-efficiencyweightflowcorre-
spondedcloselytotheweightflowatwhichthecomputedangleofattack 1
onthebladedrivingfacewaszero.Thisweightflowconditionisre-
ferredto asthe‘designconditionthroughoutthisreport.

a
Theefficiencydropsoffoneithersideofthepeak,andthecondi- %

tionsattheex%remesarereferredto as“off-designconditions’r.In b
thisreporttheweightflowof14poundsper“second,whichisnear
surge,isdiscussedastheflowconditionata largepositiveangleof
attackwhileweightflowsof44 and32poundspersecondarediscussed‘
asflowconditionsfornegativeanglesofattack.

DesignFlowCharacteristics

Theexperimentaltotal-pressuredistribution(measuredalonggeo- 1
metricstreamlines1 and9,fig.2)frominlettotipalongtheblade
surfaces(fig.5(a))indicatesthatthetotalpressurealongthedriving
faceispracticallyequalto thetheoreticalvalueforisentropicflow
(withinexperimentalerror),whereas,alongthetrailingfacethetotal “
pressureislowerthantheisentropicvalueformostofthepassage
length,especiallyclosetothebladetip. Theoretically,forn@s- ,
cousflowthetotalpressurewouldbe constantacrossthepassageat
any@ven radius.Thedropintheexperimentaltotalpressureacross
thepassagefromdrivingtotrailingfaceisfurtherillustratedin
figure5(b).Thepressurenearthetrailingface(geometricstream-
line9)betweenR = 20 and22.5inchesisslightlyhigherthanthe
pressureneererthepassagecenter.Thisrisecausesthetrailingface
pressure,as illustratedinfigure5(a),tobe nearertheisentropic
valueatthe20-inchradius.Thevariationoftheexperimentalpres-
surefromthetheoreticalisentropicvalueis showninfigure5(c)by
meansofconstantpressure-losscontoursthroughoutthepassage.The
geatestlossesinthepassageoccurnearthetrailingfacetip. For
abouthalfofthepassagewidthonthedrivingfaceside,.thereareno
losses.Thelossesattheentranceto thebladesareslight.The ‘
relatimadiabaticefficiencycontoursareshowninfigure5(d).
Eecausetherewereno lossesnearthedritingface,theefficiency
remained1.0formostofthepassagelength.A dropinefficie~y
acrossthepassagetowardthetrailihgbladetipto about0.80isob-
served.Figure5(c)andequation(7)indicatethat,ifnofurther
lossesoccuras energyisaddedtothefluidas itmovesradiallyout-
ward,therelativeefficiencywillincrease.However,theapparent
increaseinefficiencyfrom0.95to1.0(fig.5(d))attheentranceis
notpossibleforthetwo-tthnensionalcaseand~esumablyresultsfroma
secondaryflowinthehub-shroudplane.

A ccxgparisonofthetheoreticallypredictedstatic-pressuredis-
tributionalongthebladesurfacesandtheexperimentallydetermined
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static-~ressuredistributionsshowninfigure5(e). Goodageement
existsovermostofthepassageexceptfortheentranceandtip. The
experimentalandtheoreticalpressuredifferencesacrossthebladeover
thebladelengthareapproximatelythesame,indicatingthatdistribu-
tionsoftheidealandexperimentaltorqueareapproximatelythesame.
ThetrendsoftheS1OPQSofboththedrivingandtrailingfacesindicate
thatthestaticpressuresareequalattheimpellertip,indicatingthe
necess~ unloadingofthebladeatthetip.

Theexperimentalstatic-pressuredistributionacrossthepassageat
varyingradii(fig.5(f))generallyagreeswellwiththe,theoretical
patternsfoundinreferences1 and2,witha largeslopefromthedriv-
ingtothetrailingfaceinthepassagecenter,andlesserslopes-atthe
entranceandtip. Thevelocitydistributionsalongthebladefacesand
throughoutthepassage,plottedas constantvelocityratiocontows,are
presentedinfigures5(g)and5(h),respectively.Figure5(g)showsa
deceleratingvelocityalongthetrailingfacefromthe14-inchradiusto
theimpelleroutlet.Thisdecelerationisnotdesirablefromthestand-

,. pointofboundary-layerbuild-upandpossiblyexceedsthemaximumgra-
clientatwhichseparationmaybe avoided.At presentexpertintaldata
areinsufficientto determinewhetherseparationexists.However,if

. separationdoesnotexist,Ws gradientresultsinanundesirablethick
regionoflow-ener~ah {boundarylayer)thatresultsinlossesalong
thetrailingface.At the14-inchradiustherelativeefficiencyde-
creases(fig.5(d))andthisdecreasecontimuestotheoutlet.

Ne’artheentrancealongthedrivingfacethereisa largedecelera-
tionwithnolossinefficiency.Itisbelievedthatbecauseofthe
pressure~adientfromthedrivingface-tothetrailingfacethebound-
arylayerisremovedby a secondaryflowandbybleedingoftheboundary
layerthroughtheclearancespacebetweenthebladeandtheshroud.

Theshiftingoflow-ener~airtowardthetrailingfaceispossibly
a majorcauseofthelossinrelativeefficiencyalongthetrailingface
andcausesotherlosses.

Infigure5(g),theeddywhichwastheoreticallypredictedalong
thedrivingface(thenegativevelocitybetweenr = 18 in.and r . 20
in.)wasnotfoundintheexperimentalinvestigation.Eventhoughthe
possibleerrorinthequantitativevalueofthevelocityratioislarge,
theexperimentalresultsgiveno indicationofreverseflow,which
wouldbe expectedinaneddy.Thereductionineffectiveflowareadue
toviscouseffectsandtheincreasein specific;olumeareprobablythe
reasonsfortheabsenceoftheeddy.

Theunloadingofthebladeatthetipandthedropintotalpres-
surefromthedrivingtothetrailingfacedueto thelossesincurred
inthepassageresultina velocitydifferenceacrossthebladeatthe
exit.Thevelocityatthedrivingfacetipishigherthatithatatthe

-.—. -. —.——- .—. .— - .—. — —.. ...-— —_ — –——-— —. .—— -—- — —_—.. .
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trailingfacetip,as showninfigures5(g}and5(h).~s iscontr~
tothetheoreticalstudies,whichshowthevelocitytobe equalforthe
isentropicflowwherethebladeunloads.Thisvelocitydifference

“!

acrossthebladeresultsinmixinglossesupondiffusionoftheair.
Consequently,poorimpellerdesignresultsinpoordiffuserperformance.

Off-DesignFlowCharacteristics J
g

Positiveangleofattack.- Theflowcharacteristicsintheim-
pellerrotatingpassageata weightflowof14poundspersecondare
showninfigure6. Thetrendsofthetotal-pressuredistribution(figs.

(

6(a)and6(b))we similartothosefordesignconditions{figs,5(a)
;.
{

and5(b)).As at designflow,thetotalpressureappearstobe higher
thanisentropic,becauseoftheexperimentalerror.However)thereiSa , ‘

I

largerlossoftotalpressurealongthetraillngface,andsomecknge
inpressure-lossconfiguration(figs.5(c)and8(c)).Therelative

(

efficiencycontours(fig.6(d))indicatea lowefficiencyregionabout
halfwaythroughtheimpelleratthetrailingfaceanda relativerisein .
efficiencyfromtheretotheimpelleroutlet.A.comparisonofthe
theoreticalandexperimcnitalstatic-pressmedistributionsalongthe
bladesu?’faces(fig.6(e))showsfaira~eementovermostofthepas- &
sage.Fortheentrancesectionofthepassagea flow-anglecorrection
wasmadeaccordingtothemethoddescribedinthecomputingprocedure.
Thestatic-pressuredistributionacrossthepassages(fig.6(f))shows
thesametrendsasthoseat designflow. <

Theexperimentalvelocitydistributionsalongthebladefaces
(fig,6(g)) didnotagreewiththetheoreticaldistributionsandthe
largeeddypredictedtheoreticallydidnotoccur. Thevelocitydeceler-
atedfroutheX5-inchradiusto aboutthe20-inchradiusoverwhichdis- 1
tancetherelativeefficiencyconstantlydecreased(figs.6(h)and6(d)). !

Negativeangleofattack.- Theflowcharacteristicsintheim-
pellerrotatingpassageatthechokedflowcondition(44lb/see)are ‘
showninfigure7. Thelargenegatimangleofattackcauseda severe
dropintotalpressurefromthetheoreticalisentropicvaluealongthe
drivingfaceentrance(fig.7(a)).Thepressurebuildsupagain,prob-
ablyby somesecondaryflowprocessinthehub-shroudplane,butnever
reachestheisentropicvalueas itdidatthelowerweight-flowcondi-
tions. Theexperimentaldataindicateda reversedflowatthedriving
faceentrance.Alongthetrailingface,thetotalpressureremains
appro-tely equaltotheisentropicvalueforabouthalfthepassage
lengthandthendropsofftowardthetip. Thehighpressure-loss
regiontendstomoveoutwardandacrossthepassagetowardsthetrailing
facetothe~ddle ofthestream(fig.7(b)).Thetotal-pressuredis-
tributioncurvesgivean in&Lcationofthelossesinthepassage.As at .

——— —..—. .— . .———— —. . - _—- _____ -—
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designflow,the~eatestloss(otherthanthatdueto
tions) occurs”atthetrailingfacetip.

Thestatic-pressuredistributionsalonatheblade

entrancecondi.-

facesandacross
thepassage(figs’.7(c)and7(d))havethesamecomplextrendsasthe
total.pressures,causedby theentranceconditions.

Thereissomeagreementintrendbetweentheexpertient&landthe
theoreticalrelativevelocitiesalongthebladesurfaces(fig.7(e))
fromthe16-inchradiustotheimpelleroutlet.Hfiever,magnitudes of
thetheoreticalvaluesareappreciablylowerthantheexperimental
values.Theentrancevelocityfromthe12-inchradiustothe16-inch
radiusatthedrivingfacecouldnotbemeasuredbecauseofthereversed
flow.

In orderto showtrendsofflowata slightnegativeangleof
attack,theflowcharacteristicsintheimpellerrotatingpassageata
correctedweightflowof32poundspersecondarepresentedinfigure8.
Theflowtendstofollowthesametrendsas designflowtiteraboutM
percentofthepassageispassed.Theinitialirregularitiesarecaused
by theentranceangleoftheair. Thetotal-pressure10ssatthis
drivingface’entranceindicatespossibleseparationaroundthesharp
edgeofthebladeata negativeangleofattack.

SmMAKYaFImmLTs
n

Fromananalysisoftheflowintherotatingpassageofthe48-inch
radial-inletcentrifugalimpellerthefollowingresultswereobtained:

1.A regionoflowefficiencygenerallyex5stedalongthetraYling
face.Thislowenergyregionprobablyarosethrougha cmibinationofa
shiftingoflowener~airtowardthetrailingfaceandlossesresulting
fromwe decelerationsalongthesameface.

2.Becauseofcomparativelylargeviscouslossesalongthetrailing
face,andwithunloadingoftheblade,thevelocityatthetrailingface
tipwasofnecessityLowerthanthatatthedrivingface.Thisvelocity
differencewouldbeexpectedtoresultinmixinglossesupondiffusion
oftheair.

3.Theexperimentalstatic-pressuredifferenceacrosstheblades
wasapproximatelythesameasthetheoretical.static-pressure&tffer-
ence,indicatingthesamedistributionoftorqueontheblade.

4.Themodificationofthetheoreticalentranceangleofflowfor
thefirst15percentofthepassagegavefairagreementbetweenthe

.-

.
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theoreticalandexperhentalstaticpressuresat designandoff-design
conditionsexceptforthe~ flowcondition.

5.Thetheoreticallypredictededdyonthedrivingfacewasnot
foundintheexperimentalinvestigation. w,

E
Lewisnight PropulsionLaboratory

NationalAdxiscrgCommitteeforAeronautics 1
Cleveland,Ohio,August23,1951 4
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SYmuGs

Thefollowingsymbolsareusedinthisreport:

stagnationspeedof soundupstreamofimpeller

specific‘heatofairat constantpressure,ft-lb/(lb)(%’)

accelerationdueto gravity,ft/sec2

ratioofimpellerbladeheightto impellertipbladeheight

mechanicale~ivalentofheat,ft-lb/Btu

impellertipMachnuuiber

totalpressure,in.I&
total-pressureloss,in.Hg

staticpressure,in.Hg

ratioofrelativevelocityto stagnationspeedof sound”upstream
ofiqpeller

streamvelocityjft/sec

ratioofimpellerradiusto impellertipradius

impellerradius,ft

totaltemperature,OR

statictemperature,%

airweightflm,,lb/see

bladeangle(fig.3(a))

ratioof specificheats

ratioofactualinlettotalpressureto standardsea-level
pressure,29.92in.Hg .

adiabaticefficiency \

. ..-. ... ... —.-——-. . ..- - —-. . .—--. ——--—.—___ .. —-- .——.—-— ------- ___ ____ _.. -
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e ratioof actual
temperature,

1
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.

Wet totaltemperatureto standardsea-level
518.4° R

A9 angularwidthofpassagebetweenblades

P dmsity

(1) rotorspeed,radians/see

Subscripts:

av average

d drivingfaceofblade

r relative

T impeller

t trailing

o upstream

tip

faceofblade -

measuringstation

I

I

I

.

\
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CALCULATION

m
;
0) Theexpressionfortheexperimentalvelocityintheimpellerpas-

sageis derivedinthefollowingmanner:

~2 ~2r2
Cptr+ — =cT+—

2gJ p O 2gJ = cpTr (1)

Since

!.

But

~ 2gJcptr= (t)2r2- q2+ 2gJ~To (la)
.

Ct =cT- -2pr pr 2gJ
(2)

Cp (tr-Tr) =-:J (2a)

Substitutionof equation(3) in equation(2b)gives

‘[01d
Pr 7

ctL-— .-2
pr Pr 2gJ

(2b)

(3)

.
(’

. .. --— . .. .. ... ..-.—----— — —-. —-—-— .. —-- ————. ..-—. —..-—--- -—-. —. —.-. .-- —--.-—--—- .-
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or

2gJcptr= - (4)

L

Whenequation(la).andequation(4)areequated, .

=6?r2- q2+2gJcpT0 (5)

(5a)

.,
.

= (A)%2+aJCpToq2- 2

[()]

‘@
Pr 7

l-~
r

,.

(5b)

I

o#r2+ 2gJ~T0!12= (5C)
1- .L

[()]~57l-p
r

oftheLastorrearrangement term yields

~ =1
&

.

![ 1

‘ 1+ -L

y-l
P—

()

r7
g

-1 .,

.——-. ..— — —. —.— .——. —-—.
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TABEEI- WfEIWWHEAMHEIGd

Radius Blade Total ThiclsnBss
(in.) angle blade (in.)

(aeg) height
(in.) Actual Corrected

12.3 57.7 3.30 0.730 0.897

13.o 55.3 3.05 .714 .873

14.0 50.9 2.72 “ .665 .817

’16.0 37.3 2.23 .531 “ .654

18.0 20.0 1.91 .445 .545

20.0 4.0 1.69 .410 .504

21.5 0 1.53 .397 .487

22.5 0 1.45 .3139 .478

23.5 4.4 1.40 .380 .467
.

%ata takenfromreference4. ~

“

‘zg

I

.

7

t

I

I

,5

.

—— —- . . .



3L
.

WA TN 2584

,f

$’
!3

1,

t

,,

.
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(a)Crosssectionof bladealongmeridionalplane.
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